Abstract -The Venice lagoon is the main Manila clam (Venerupis philippinarum) production site in Europe. Following the unsustainable exploitation of this site (free-access fishery) local authorities have been striving to regulate fishing activities and most clams are produced using mollusc culture techniques based on wild spat harvesting and on its seeding in appropriate, designated culture areas. Therefore, the quality and abundance of wild clam stocks are critical factors that could limit the full development of this activity. The present study aims at assessing Manila clam stocks (spat, adults per square meter) using ordinary kriging, in an area of the Venice lagoon located near the Porto Marghera industrial zone. Previous studies have identified this area as one of the most important natural clam settlement sites in the Venice lagoon. The study area was approximately 1085 ha; 46 sampling stations were examined. Stock assessment (animals were grouped by size and age group), biomass and correlation with sediment texture were evaluated. The results obtained and comparisons with studies from the literature enabled an estimation of clam recruitment potential and an analysis of the conservation status of clam stocks. Thereafter, in view of a full reclamation and an ecological restoration of the study area, different measures are proposed for the sustainable use of this area that include the establishment of a biological protection area and a shared and rational management of the nursery area; these measures could potentially increase the sustainability of clam culture in the Venice lagoon.
Introduction
Manila clam Venerupis philippinarum (Adams and Reeve 1850) (synonym: Ruditapes philippinarum) is a native species of the subtropical to low boreal zone of the western Pacific but, due to its high commercial value and its great adaptability and resistance to a wide range of environmental conditions and stressors, it has been introduced into several parts of the world where it has become permanently established. Different factors may explain the successful spread of the Manila clam, such as its high tolerance to variations of environmental parameters (salinity, temperature, dissolved oxygen), its high capability to adapt to different substratum typologies and its high fitness (early gonadic maturation, high fertility, and its long spawning period in which multiple spawning is possible) (Sorokin and Giovanardi 1995; Paesanti and Pellizzato 2000; Pellizzato and Da Ros 2005 The first attempts to introduce Manila clam in Italy date from 1983, when a small amount of spat (approx. 3 kg of 3 mm size) purchased in an English hatchery was sown in the southern basin of the Venice lagoon (Breber 2002) . Some promising results were rapidly achieved and during the 1980s, further sowing attempts were carried out in many Italian transitional sites (in the lagoons of Po delta, Grado and Marano, Lazio, and Sardinia) (Pellizzato and Da Ros 2005; Zentilin et al. 2007; Sladonja et al. 2011) . The great suitability of these environments for Manila clam, both in terms of growth and natural reproduction, soon became evident, especially in the case of the Northern Adriatic transitional systems characterized by shallow waters and high freshwater inputs rich in nutrients and high natural productivity. In such areas, the species rapidly spread to all favorable sites and Manila clam harvesting soon became the most economically important fishing activity. Landing data indicate that production peaked at around 64 000 tons in 1999 and the Venice lagoon contribution accounted for up to 60% of Italy's overall production Article published by EDP Sciences (Zentilin et al. 2008) . Over the past few decades, there has been a constant decrease in Manila clam production due to the initial lack of reliable regulation and an adopted logic of unsustainable exploitation of fisheries resources (i.e. "collect as much as you can, everywhere"): in 2009 the estimated production for the Venice lagoon was 10 000 tons (GRAL 2011) . Reasons behind such a decline are (i) indiscriminate exploitation of natural beds, (ii) illegal gathering, (iii) use of high-impacting harvest gears with consequent detrimental effects on sediment and water, (iv) conflicts between fishery and other activities carried out in the Venice lagoon, (v) lack of efficient programming schedules, and (vi) inadequate management of nursery areas (Pranovi et al. 1994; Pellizzato and Da Ros 2005; Melaku Canu et al. 2011) .
To deal with this situation, the local government and water authorities have been trying to introduce regulations for the rational management of this activity through the implementation, since 1999, of Master Plans for clam production that aim to control and restore the social, environmental and economic sustainability of this activity.
Among the different directives promoted by the sustainable management plans for clam culture procedures, particular importance was given to the transition from clam fishing to clam farming activities and to the rational management of natural spat. Today in the Venice lagoon, most clam harvesting is carried out in licensed areas that are directly managed by clam farmers. Such areas, divided by the regulatory agency GRAL into concessions, are directly managed by local clam fishermen who have to respect the strict rules applied by GRAL to increase efficiency and sustainability of the farming activity. Fishing is still possible in GRAL-managed areas, with strict access control.
Unlike other forms of mollusc culture, clam farming in Italy is almost exclusively dependent on natural spat collection. Two billion animals (2 × 10 9 ) per year is the estimated amount of spat necessary to rationally seed the licensed areas of the Venice lagoon (approx. 3300 ha) (Veneto Agricoltura and Provincia di Venezia 2011). Spat availability is one of the biggest barriers to the full development of clam culture and, accordingly, the rational management of wild spat and the safeguarding of natural nursery areas are considered to be priority tasks for achieving increased sustainability of this practice.
Several studies have investigated the spatial distribution of wild stocks of Manila clam (adults, juveniles, settled postlarvae) in the Venice lagoon (Casale et al. 2001; Penzo et al. 2003; Pessa and Mion 2005; Pellizzato et al. 2011) , and the area overlooking the wide Porto Marghera industrial area and Venice (Central Basin) is considered to be one of the major areas naturally rich in both Manila clam adults and juveniles. This area is also known as a "Remediation Site of National Interest" (SNI) in Italy, identified as an area of high environmental risk due to pollutant inputs from the surrounding industrial area over a period of almost 70 years. Porto Marghera is also known as one of the most important chemical districts in Italy (Zonta et al. 2007; Bellucci et al. 2012) . This is why clam fishing/farming are forbidden in this area of the lagoon, with the exception of a few spat collection campaigns previously carried out under local authority supervision and through the adoption of strict mitigation procedures. Despite the formal prohibition of harvesting, illegal and indiscriminate exploitation of both spat and commercial-sized clams have been carried out over the years using high-impacting gears (hydraulic and vibrating dredges and rakes), which have led to the impoverishment of resources and have given rise to environmental, social and public health concerns (Melaku Canu et al. 2011) .
One of the most important goals of the Remediation Project of the Venice-Porto Marghera SNI includes restoring the entire area to legitimate uses, such as clam farming. In order to manage sustainable activity concerning clams, knowledge of clam distribution and stock assessment is necessary. The present study aims at improving knowledge of a portion of the SNI zone that has been previously identified by several studies as one of the most important nursery areas of the Venice lagoon. The annual mean salinity value recorded in the area was 32‰ (data collected monthly in 2008, Ministry of Infrastructures and Transports -Magistrato alle Acque).
Biometric and gravimetric data were processed in order to evaluate annual recruitment, distribution of size classes and potential relationships between Manila clam abundance, biomass and sediment texture (Shepard's classification). Moreover, the comparison between current and bibliographical data has enabled an estimation of the health condition of Manila clam stocks in the area. Different measures will be proposed to increase mollusc culture sustainability in the Venice lagoon through rational resource management (establishment of a biological protection zone, shared and sustainable management of the nursery area).
Materials and methods

Sampling procedures
Sampling surveys were conducted during November 2009. Such a time window was chosen in order to include the most recent cohorts (current year spring and summer spawning) in the analysis.
A nested sampling strategy was used and 46 stations located in the tidal flat were sampled (Fig. 1 ). Higher sampling density was chosen in the north-eastern study area, or the area indicated by previous studies (Casale et al. 2001; Pessa and Mion 2005) with a higher density of Manila clam adults and juveniles. Stations were sampled using an EkmanBirge grab (surface area 225 cm 2 ) or, in case of difficulty due to excess sediment compaction, using a cylindrical sample corer (surface area 78.5 cm 2 ). In both cases, a core of at least 25 cm depth of sediment was collected for each sampling (5 samplings per station using the Ekman-Birge grab, 15 samplings per station using the cylindrical sample corer). Sediments were washed and sieved on board through a 1 mm 2 meshed sieve. Samples of Venerupis spp. were then collected and transferred to the laboratory. Clam species were identified (V. philippinarum, V. decussata) and individually measured (shell length -considered as the maximal length parallel to the hinge -recorded to the nearest millimeter using a dial caliper) and weighed (fresh weight, rounded to the nearest centigram). Sediment granulometry was assessed in a previous measurement campaign carried out in the same area in 2006 (Ministry of Infrastructures and Transports -Magistrato alle Acque, through its concessionary Consorzio Venezia Nuova, unpublished data), during which 221 stations were sampled by a sediment vibro-corer (diameter 10 cm); the level considered for this analysis was 0−25 cm. For each of the 46 stations sampled in clam survey, the sediment values found in the nearest sediment sampling station were associated.
Analysis methods
Georeferencing of data and spatial analysis (clam total and spat abundance, commercial size biomass) were performed using ArcGIS 10 (ESRI) software. Shepard's values, as modified by Schlee (1973) , were calculated using the US Geological Survey (USGS) ArcMap Sediment Classification tool (O'Malley 2007) .
Application of the linear geostatistical method, like ordinary kriging, requires the assumption that data follow a second-order stationarity pattern (data comes from a random process with a constant mean; spatial covariance depends only on the distance and direction separating any two locations).
Interpolated data maps for total clam and spat abundance were obtained using ordinary kriging: experimental semivariograms and spatial model fitting for total clam and spat abundance were performed taking into account some experimental Table 1 . Description of the geostatistical methods (ordinary kriging) adopted and the parameters of the fitted variograms (CV: cross validation). work from the literature on mollusc stock spatial analysis (Sauriau and Bacher 1991; Warren 1997; Morsan 2003) . Lag size was selected using the Average Nearest Neighbor function of ArcMap 10.
The spatial analysis of data highlighted a non-negligible proportion of zero catches and a strong positively skewed distribution of Manila clams. Hence, a spatial analysis was performed adopting a two-stage procedure, according to Warren (1997) , for the spatial analysis of scallops: (1) use of an indicator variable (0, 1) denoting the absence or presence of Manila clam to estimate the occupied area; (2) ordinary kriging of the mean conditional on there being Manila clams present. The threshold value used in the maps for assuming clam presence is 0.5 both for clam and spat total abundance.
The main parameters used for interpolation by kriging are summarized in Table 1 .
An estimation of commercial-sized clams (size 29 mm, according to local regulations) was assessed in the area to evaluate the commercial stocks available for fishery management purposes. In this case, the typology of available data was weakly defined by the empirical variograms and the interpolation technique using kriging was not feasible. In this case, maps were obtained using the inverse distance weighting technique.
The chi-square test was applied to assess equivalent distribution of sediment texture (Shepard's number) among Manila clam class abundance and biomass categories.
Results
Stock assessment
During the survey, a total of 413 specimens of Venerupis spp. were collected in the area, all of which belonged to the Venerupis philippinarum species (except for one V. decussata specimen).
The size class distribution of the collected animals is represented in Figure 2 . The multimodal distribution identified clearly refers to different age groups and, over the same year, to different cohorts (multiple spawning over the same reproductive season). In general, most of the sampled animals referred to the current year recruitment (T0). These specimens (<20 mm) accounted for more than 62% of the total number of clams found. The second year (T1) cohorts were poorly represented, probably as a consequence of low recruitment success (T2 abundance higher than T1). Commercial-sized clams (>29 mm) represented 30% of the total sampled specimens. Specimens of V. philippinarum were found in 26 sampling sites, or in 57% of the overall monitored stations. A higher abundance was detected in the north-eastern zone, with particular reference to the area overlooking the Vittorio Emanuele III canal, with values reaching 497 animals per m 2 (station B6) and average abundances >300 animals per m 2 . The overall distribution of Manila clams was concentrated in a few areas located in the central and northern part of the study area, whereas the southern part exhibited a very limited amount of specimens or, sometimes, none at all; it can be assumed that this area had an unsuitable habitat for V. philippinarum. The empirical variogram, obtained using the variables 0, 1 as an indicator denoting the respective absence/presence of Manila clam, fitted well with the spherical model and led to a kriged estimate of the mean of 0.5563. Accordingly, a surface of 481.4 ha (or 44% of the total study area) is estimated as being unoccupied. The empirical variogram of non-zero data was obtained after a log transformation of data. A spherical model was adopted, albeit with a considerable degree of uncertainty; the calculated kriged mean was 75.05, which lead to an overall density, in the areas where the species was present, of 0.5563 × 75.05 = 41.75 ind. m −2 . The spatial distribution of V. philippinarum abundance is displayed as well as the area previously estimated as suitable for their populations (Fig. 3) . Stations were grouped into three classes according to abundance found: absence, low (<100 ind. m −2 ) and high ( 100 ind. m −2 ) density. A similar approach was adopted to estimate the distribution of young recruited spat (size < 20 mm, Fig. 4 ). In this case, the estimated variogram (second trend removal, model stable) gave a mean value of 0.3582, corresponding to an occupied total area of approx 389 ha. The map confirms the high abundance found in the north-eastern zone of the study area. The amount of spat that could be harvested for clam culture purposes (density 100 ind. m −2 ) was assessed by a further interpolation (ordinary kriging) superimposed onto the same map.
Results showed a heterogeneous distribution of commercial clam distribution in the area and a biomass superior to 1 kg m −2 in the different stations (B2, B16, B23, B29 and B33) of the study area. One consequence of such high heterogeneity of commercial-sized stocks is the unsuitability of the kriging method for obtaining an interpolation map and to have a reliable estimation of the exploitable area for fishery purposes. The map was obtained with the Inverse Distance Weighting technique (Fig. 5) . Three main areas with a high density of V. philippinarum were found: A) an area located in the inner area of the study zone; B) and C) areas located in the proximity of Vittorio Emanuele III and Fusina canals. The C area partially overlaps with the largest nursery area found in the present study, indicating the high suitability of this location for V. philippinarum. In this way, an overall high biomass area (>1 kg m −2 ) was estimated, representing 6% of the entire study area, equivalent to 66.2 ha. Table 2 shows a summary of the main estimation results obtained, together with the different spatial analysis techniques applied in the present study.
Sediment structure
The entire study area is mainly characterized by heterogeneous sandy-silt and silty-sand textures, except for a small area that has a coarser granulometry (sand, gravel) located in the north-eastern area of the study zone (data not shown). The distribution of abundance and biomass categories are distributed among sediment texture according to Shepard's classification (Fig. 6 ). Both for abundance and biomass, the results found that higher values were associated with coarser sediment (gravelly, sandy silt). The chi-square test showed significant association only among abundance classes and sediment texture (χ 2 = 21.1; p < 0.05).
Discussion
In this research, Manila clam stocks were examined and assessed in a site of the Venice lagoon previously identified by other studies as one of the most important natural nursery areas for clams. Results confirmed an aggregated distribution of V. philippinarum, with the presence of high spatial heterogeneity in abundance and biomass, even in adjacent areas, for both juveniles and adults. Such a distribution typology was previously observed by Casale et al. (2001) for the concerned area and, more generally for fisheries survey data, by Warren (1997) . The distribution only seemed to be patchier in the case of commercial-sized clam biomass. Different parameters concur to determine the spatial distribution of Manila clam settlement areas and adult stocks. In the first case, hydrodynamic and topographical conditions are driving factors (Nambu et al. 2012) , whereas recruitment success is affected by multiple factors such as broodstock quality, meteo-climatic conditions during spawning, hydrodynamics, mortality rate of larvae and juveniles, and predation (Ólafsson et al. 1994) .
Among the different environmental factors influencing spatial distribution and potential yield of V. philippinarum, the application of a Random Forest algorithm to the Venice lagoon has recently identified salinity, sand percentage in the sediment and depth as the most influential parameters (Vincenzi et al. 2011) . Sediment data indicated that sandy-silt and silty-sand textures represented the main components with a coarser patch located in the north-eastern part of the study area, in proximity to the confluence of two big canals (Vittorio Emanuele III and Fusina; data not shown); the high abundances of both juvenile and adult V. philippinarum found in this area confirm the strong positive relationship between coarser sediment percentage and Manila clam abundance (Vincenzi et al. 2011) , even though other factors such as hydrology and local trophic conditions, not investigated in this study, could also be involved.
The distribution of V. philippinarum (juveniles and adults) has been investigated in previous studies (Casale et al. 2001; Penzo et al. 2003; Pessa and Mion 2005; Pellizzato et al. 2011) , where high abundance and biomass of clams were found in the part of the lagoon between the city of Venice and the Porto Marghera industrial zone. Hydrological conditions carry a large amount of V. philippinarum settling larvae to this area, which find local abiotic and biotic characteristics adequate to sustain them.
The investigation conducted in 1999 by Casale et al. (2001) aiming to verify the abundance and distribution of the most important clam species in the entire Venice lagoon, highlighted that most Manila clams were found in the central basin (89% of the total amount). In particular, the area between Venice and the Porto Marghera industrial zone (including the present study area) exhibited the highest densities of juvenile stages (up to 4000 ind. m −2 ); therefore, this zone may be considered as the main "nursery area" of the whole lagoon. Moreover, consistent biomasses of adults (up to 6000 g m −2 of specimens >25 mm) were found. A successive study carried out in 2002 confirmed high abundance and biomass in this area, even if lower values were detected in comparison with the 1999 data (Pessa and Mion 2005) . During the period 2002−2007, several surveys were carried out in 25 sampling stations distributed within the lagoon in order to identify the most significant nursery areas ). This study confirmed that the Remediation Site of National Interest (SNI) is one of the most important nursery sites of the lagoon, even if large fluctuations were observed. Abundances and biomasses found during the present survey were remarkably lower than those in the bibliographical data collected for the same area, both for adult and juvenile stocks (Casale et al. 2001) . Such reduction is consistent with the one observed, at a larger scale, for the Venice lagoon (Melaku Canu et al. 2011) . Possible causes for this decline are related to variations in larval settlement, limited recruitment (caused by overfishing, predation, diseases, etc.), local or global environmental changes (Tezuka et al. 2012) and engineering work such as channel dredging and construction of an artificial island in the nearby area. In the specific case of the Venice lagoon, a significant reduction in primary production has been observed over the past few decades as a result of a considerable reduction in nutrient loads (Solidoro et al. 2010 and references therein).
In recent years, local institutions have made efforts to increase the sustainability of clam culture in the Venice lagoon, which still represents one of the area's main occupational and economic fishery activities: 900 people are involved in this industry in the Venice lagoon, while its annual income is estimated at about 85−100 million € (GRAL 2009; Melaku Canu et al. 2011) . Among the different measures promoted, particular attention was given to the transition from an open-access system to extensive aquaculture (clam farming) and to a better exploitation and management of clam recruits. Rational management of this resource has not yet been achieved in the Venice lagoon. Good results were, however, obtained with similar objectives in the Sacca di Goro (North Adriatic), one of the most important sites for Manila clam farming in Italy. Nursery areas were identified, georeferenced and declared as protected areas. Their management is shared among all the fishermen's cooperatives under a regional committee (Servizio Economia Ittica, Regione Emilia Romagna), with the support of a scientific institute (Istituto Delta Ecologia Applicata). Local fishermen directly manage these areas to optimize their potential capacity and to preserve the resource for common use (macroalga and bioclast removal, addition of sediment, prevention of illegal harvesting) and the frequent surveys conducted to estimate available stocks allow a correct scheduling of spat harvesting campaigns, which are regulated by strict access controls. During the first seven campaigns, 2.1 billion (2.1 × 10 9 ) spat were collected and then distributed to the various fishermen's cooperatives according to available surface area per person (Regione Emilia-Romagna 2010).
In this vein, proficient management of the study area for clam farming purposes, once its environmental reclamation and restoration has been achieved, could contribute to increase sustainability of clam culture in the Venice lagoon.
Firstly, the north-eastern zone of the area should be managed as a nursery. Considering a proficient collection to be a harvest of at least 100 V. philippinarum spat per m 2 , a portion of 59 ha was identified with an abundance of approx. 160 million spat (Fig. 4, darkest kriged area) . This amount would efficiently cover the seeding of 80 ha of licensed clam farming area (seeding density: 200 ind. m −2 ; precautionary estimated amount of mortality and/or predation of 25%). Considering a wholesale price of 4 € kg −1 for Manila clam adults (Mauracher et al. 2010 ) and a commercial size of 35 mm, income generated by the seeding of such an amount would be 5.3 × 10 6 €. Commercial-sized clam distribution is too heterogeneous to envisage efficient exploitation. Nevertheless, a management strategy that could add value to the available stocks is the setting up of lagoon protected areas (sanctuaries) in which clam harvesting is prohibited; this could contribute to restoration and protection of spawning stock biomass and the support of shellfish populations in areas surrounding the sanctuary itself. Spawning sanctuaries are considered to be an effective strategy when native, wild stocks face pressure from excessive fishing and recruitment limitation, as well as habitat destruction (Caddy and Defeo 2003) . It is possible to envisage the implementation of a protected area (approx. size of 290 ha) including the identified areas A and B (Fig. 5) , which could be managed in this way ("no take zone"; strict controls against illegal harvesting).
Conclusion
• The present research confirms the suitability of the study area for Manila clam adults and juveniles, even though aggregated or patchy distributions were found and some decrease was noticed compared with bibliographical studies.
• The application of geostatistical tools allowed an estimation of the total stock resident in the area and revealed the presence of an important site exploitable as a nursery area.
• To face the significant decrease of Manila clam production in the Venice lagoon, which occurred after a period of uncontrolled exploitation, it is necessary to adopt a sustainable resource management strategy. Rational exploitation of the nursery areas will increase and optimize clam farming production, whilst the implementation of a protected area will contribute significantly to enhancing the productivity of natural populations.
